Glossary: D value (decimal reduction time), the time in minutes to reduce a population of cells by 90% or 1-log cycle at a specific temperature. Z value, the temperature increase required to reduce the D value by a factor of 10. F value (process lethality), the equivalent heating time at a reference temperature with a specified Z value.
Introduction
In recent years there has been a dramatic increase worldwide in the number of Gram-positive cocci resistant to one or more antimicrobial groups. During this period antimicrobial-resistant, Gram-positive bacteria have emerged as important pathogens of nosocomially acquired infections (Uttley et al. 1988 , Perez-Trallero and Zigorraga 1995 , Jacoby 1996 . Antibiotics used in commercial food animal production may impact on human health by contributing to an increase in the prevalence of multidrug-resistant, food-borne pathogens with the potential for increased pathogenicity under specific conditions.
Risk factors of staphylococci and enterococci
Staphylococci produce a variety of local and systemic infections with a range of clinical manifestations. The ability of S. aureus to develop resistance to antimicrobials has made the species one of the most important community and nosocomially acquired pathogenic organisms (Mitsuyama et al. 1997) . It remains one of the most frequently reported causes of food-borne intoxication and is a hardy organism, which has a high heat resistance for a non-sporing mesophilic bacterium (Ash 1997) .
Enterococci grow and survive under a wide range of environmental conditions including extremes of temperature and salt concentrations. They are found in the intestinal tract and faeces of humans and other animals including food animals (Hardie and Wiley 1997) and may occur in large numbers in food products. Enterococci are of concern because of their increasing importance in nosocomial infections and the increasing numbers of them resistant to glycopeptide antibiotics, such as vancomycin and teicoplanin. While a link between animal and human VRE reservoirs through the food chain has been suggested, the origin and epidemiology of VRE in humans is still unclear (Bates et al. 1994) . The possibility that vancomycin-resistance can be transferred to other Gram-positive bacteria (Noble et al. 1992) , especially S. aureus and coagulase-negative staphylococci has significant implications for human medicine.
Food as a vehicle for transfer of antimicrobial resistance
Current knowledge of the source and the spread of antimicrobial-resistant bacteria in the community are, at best, fragmentary. It is suggested that the use of antimicrobial agents in animal husbandry might constitute a risk factor in creating an animal reservoir of antimicrobialresistant bacteria Hughes 1996, Tenover and McGowan 1996) . From this reservoir, resistant strains or resistance genes might spread via the food chain. A recent Italian survey of retail outlets reported the isolation of multidrug-resistant enterococci from meat and poultry products, of which a higher prevalence of vancomycin resistance was found in isolates from chicken samples (Pavia et al. 2000) . The possibility that bacteria from commercial poultry may disseminate antibiotic resistance into the community has important relevance to public health, considering that the annual per capita consumption of chicken meat in Australia in about 27 kg per person (Rural Industries Research and Development Corporation 1998) .
Importance of thermal inactivation
Because the thermal inactivation of bacteria is a critical control point in the safe preparation of many ready-to-eat poultry products, defining the safety margins of inactivation of antimicrobialresistant bacteria is of considerable importance to the food industry and regulators. Although Australia does not have mandatory performance standards that specify a quantifiable reduction in bacterial pathogens for cooked meat and poultry products; the USA Federal Code of Regulations provides a useful reference. Regulation 9CFR381.150 requires that any thermal process used for fully cooked poultry products must be sufficient to cause a 7D reduction in salmonellae (Code of Federal Regulations 1999) . This level of reduction is also applicable to other vegetative cells of bacteria that are potential food pathogens.
The purpose of this study was to investigate the thermal tolerance of antimicrobial-resistant Gram-positive cocci isolated from commercially processed broiler chickens in Western Australia. We studied the thermal resistance in ground chicken meat of: three groups of S. aureus (comprising composites of five and six isolates); a composite of VRE comprising two Enterococcus faecalis isolates and an E. gallinarum; and a methicillin-resistant S. epidermidis isolate. Details of the bacterial isolates investigated are presented in Table 1 . While previous studies have provided thermal inactivation data for food pathogens and spoilage organisms in chicken products, this is the first study to our knowledge to investigate thermal inactivation of antimicrobial-resistant bacteria isolated from poultry processing plants.
Materials and methods

Bacterial strains
The staphylococcal and enterococcal isolates used in this study (Table 1) were obtained from two poultry processing plants in Western Australia during 1995 -1997 (Bertolatti et al. 1996 , Coombs et al. 1999 ). Fourteen of the 16 S. aureus isolates selected for this study were from broiler chickens isolated at various points in the processing plant, commencing from the 
S. epidermidis
Isolate 19A 1 C (throat) M(mecA),P,E,L,T,S,Asa,Eb Abbreviations: P, penicillin; S, streptomycin; T, tetracycline; S3, sulphamethoxazole; Cd, cadmium; W, trimethoprim; E, erythromycin; L, lincomycin; Eb, ethidium bromide; V, vancomycin; Tc, teicoplanin; M, methicillin; Asa, arsenate; C, broiler chicken; DFM, defeathering machine; * = live birds.
shackling of an incoming live bird through to the processed carcass being packaged. The remaining two isolates were recovered from the defeathering machines in the plants. Susceptibility to antimicrobials and chemicals was determined as previously described (O'Brien et al. 1999 (WBG 9213) . All the isolates contained the vanA gene and in addition WBG 9213 contained the vanC gene (Coombs et al. 1999) .
A S. epidermidis isolate (Table 1) which gave a positive PCR for mecA (O'Brien et al. 1999 ) was also studied.
Inoculum preparation
The preparation of cell suspensions was adapted from the procedure described by Blackburn et al. (1997) . Tryptone soya broth (TSB, Oxoid, Basingstoke, UK) was inoculated with the test organisms and incubated at 37°C for 24 h. The culture was diluted in 0.1% peptone to produce a concentration of about 10 cfu/ml and 1 ml was transferred to 100 ml of TSB, which was incubated at 37°C between 16 and 19 h. The 100-ml culture was centrifuged (IEC Centra ® MP4R, IEC International Equipment Company, MA, USA) at 1400 ´g for 20 min at 21°C and resuspended in 40 ml TSB. The inoculum suspension was enumerated by spiral plating (Don Whitley Scientific, West Yorkshire, UK) on plate count agar (PCA, Oxoid) plates and incubated at 37°C for 24 h.
Ground chicken
Chicken meat used for inoculation was form two ready-to-cook broiler chickens obtained directly from a processing plant. The broiler chickens were transported to the laboratory under refrigerated conditions and on arrival were immediately aseptically deboned in a laminar flow cabinet. The chicken meat was then ground twice through a 4-mm diameter grinder plate in a Hobart N-50G mixer with chopper attachment (Hobart Corporation, OH, USA). An approximately 160-g portion of the ground chicken meat was placed in a sterile Whirl-Pak ® bag (Nasco Whirl-Pak, WI, USA) and stored at 4°C until required for proximate analysis. Meat samples for thermal inactivation experiments were weighed ( , 60 g) and placed into 120-ml sterile polystyrene containers and stored at -20°C.
Proximate analysis
The ground chicken meat samples were analyzed in triplicate for moisture, petroleum etherextractable lipid, and protein (Kjeldah) content using AOAC methods (AOAC 1990) .
Thermal inactivation
For thermal inactivation experiments the S. aureus isolates were grown separately and then combined in approximately equal portions to form five-and six-isolate composites. Likewise the three VRE isolates were combined to provide a three-isolate composite. The methicillinresistant, coagulase-negative S. epidermidis was examined by itself.
The frozen chicken meat samples were thawed and viable counts determined aerobically by spiral plating (Don Whitley Scientific). The average of three 40-g samples was 3.2 1 0 2 cfu/g. Thermal death time determinations were adapted from the methods of Blankenship and Craven (1982) , Ahmed et al. (1995) and Blackburn et al. (1997) . Forty-gram portions of raw ground chicken meat were inoculated with 4 ml of the selected bacterial cell suspension and mixed for 5 min in a Seward 400 stomacher (Seward, London, UK). Two-gram Samples of the inoculated meat were weighed into sterile Whirl-Pak ® bags and spread out in a thin layer in the lower third of the bags. The bags were sealed and the lower two-thirds immersed for various times in a shaking water bath equilibrated at 60, 65 or 70°C. Temperatures were measured with RTD (PT 385) probes (Temp Controls, Leichhardt, NSW.) connected to a Datataker DT500 data logger (Data Electronics USA). One probe was placed in the bag containing the chicken meat and one in the water bath. Bags were removed from the water bath after heating for given dwell times, and immediately mixed with 18 ml of room temperature sterile 0.1% peptone by mixing for 2 min in a Seward 400 stomacher. The samples were left at room temperature for 90 min to allow recovery of heat-injured cells. Serial 10-fold dilutions were then made in sterile 0.1% peptone and viable counts performed in duplicate by spreading 0.1 ml of each dilution onto tryptone soya agar (TSA, Oxoid) plates. Colonies were counted after incubation for 48 h at 37°C. All thermal death time experiments were done in triplicate.
Determination of D and Z values
To calculate a single regression equation at each temperature for the bacteria tested, survivor curves were obtained by plotting the averages of the three trials (mean log 1 0 cfu/g) versus heating time (minimum of four dwell times). Linear regression using SPSS PC -V9.0 (SPSS, Chicago, IL) produced a correlation coefficient and an estimate of the intercept and slope of the straight line for each temperature. The D values (negative reciprocal of the slope) were calculated from the resulting regression equations. Tailing values in survivor curves were included in calculating D values. The Z values were estimated from thermal death time curves by regression log 1 0 D values versus heating temperatures. Data on Z values were analysed using SPSS.
Results and discussion
Proximate analysis
Proximate analysis of the ground chicken meat found that the moisture, fat and protein content was 66.6, 15.9 and 14.7%, respectively; the pH was 6.41. 
Survivor curves
Survivor curves for the 60, 65, and 70°C trials for the three S. aureus groups, the VRE group and the S. epidermidis are given in Fig. 1 . In all cases, however, a slight tailing of the survivor curves was observed, with low numbers of cells surviving longer than the calculated D values. Humpheson et al. (1998) suggested that survivor curves with tailing generally represent a mix of two species or strains with different heat resistance. The straight portion of the curve mainly describes the destruction of the more sensitive cells, while the tailing describes the death of the more resistant microorganisms (Xiong et al. 1998) . It is likely that the slight tailing observed in this study indicates that the population of cells varied in their heat resistance.
D values
D values were determined by regression analysis of the survival data for each temperature. Summaries of regression statistics and D values for the S. aureus groups, the three isolate VRE composite and S. epidermidis are listed in Table 2 . The regression mean log 10 cfu/g (surviving viable cells) versus heating time in minutes was linear for all S. aureus groups (P < 0.005). The D values of S. aureus groups A, B and C when heated to 60, 65 and 70°C are 7.01, 6.65 and 7.11; 0.70, 0.54 and 0.69; 0.24, 0 .25 and 0.23 min, respectively. Groups A and C were slightly more heat resistant at 60 and 65°C, but at 70°C there was little difference in resistance between groups with a range of 0.23-0.25 min. The goodness of the fit of survival curves was assessed using the correlation coefficient (R 2 ) between the dependent variable (mean log 1 0 cfu/g) and the independent variable (duration of heating in minutes). Linear regression analysis of thermal inactivation data gave a good fit with R 2 values > 89% for all S. aureus groups at each heating time. D 6 0°C values found in this study are within the range of those reported by Bean and Roberts (1975) , where the D 6 0°C for a meat macerate at pH 6.5 was between 4.61 and 9.62 min.
While the D 60°C value of 7.35 min for the VRE cell suspension was the highest value obtained for all trials, it did, however, also provide the least D value correlation with an R 2 value of 83.9%. Conversely the D 6 0°C value of 5.52 min for S. epidermidis was the lowest.
There was little difference between all bacterial cell suspensions tested at 70°C as the D 70°C values ranged from 0.23 to 0.30 min indicating that there is little difference in the level of susceptibility to heat in chicken for the organisms investigated.
Z values
For all cell suspensions over the temperature range studied (60, 65 and 70°C) there was an approximately linear relationship between the logarithm of the predicted D value and temperature, with R 2 values > 90%. The Z values and regression statistics are presented in Table 3 . The Z values for the S. aureus groups were very similar, ranging from 6.66 to 7.04°C. Z values of 7.46 and 7.24°C were obtained for S. epidermidis and the VRE group, respectively.
Lethal process (F value) estimates
As bacterial inactivation by thermal process is a critical control point in the safe preparation of fully cooked poultry products, it is important that the lethal effect of the cooking process in reducing these antimicrobial-resistant organisms is established. Table 4 provides estimates of F values required for achieving a 7D lethality in chicken meat from the D 70°C values obtained in this study. The estimated F values at 70°C ranged from 1.61 to 2.10 min, with the enterococcal group requiring slightly longer to achieve a 7-log reduction. The USA require that any thermal process used for fully cooked poultry products must be sufficient to cause a 7D reduction in salmonellae and other vegetative bacterial cells that are potential food pathogens (Code of Federal Regulations 1999). Where no mandatory performance standards are specified requiring quantifiable microbiological pathogen reduction for cooked poultry products, then these standards provide a useful reference in establishing critical limits for this critical control point.
Conclusion
Heat resistance at 60, 65 and 70°C was determined in samples of ground chicken meat for all cell suspensions tested. There was little difference in heat resistance between the bacterial suspensions tested at 70°C as the D 70°C value ranged from 2.3 to 3.0 min. D and Z value data indicate that these isolates do not exhibit enhanced thermal-resistant characteristics. The effect of temperature on the survival of S. aureus isolates in chicken meat in our trials is similar to that reported in other laboratory studies of S. aureus in meat macerates. Data estimating the lethality of the cooking process for chicken meat indicates that an internal temperature of 70°C for 2.1 min would provide a 7D reduction of all bacterial cell suspensions tested. It is evident that the heat treatment significantly reduces the risk of cooked chicken constituting a potential vehicle for the transfer of resistant bacteria via the food chain. However, such risks as crosscontamination post cooking and the potential for foodhandlers to be colonised by these antimicrobial-resistant organisms cannot be underestimated. Effective management of these risks requires an organized HACCP system complimented by the application of good hygiene practices (GHP) or good manufacturing practices (GMP). 
